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Abstract
Temperature-induced decoupling of phycobilisomes (PBSs) from the reaction centers in the PBS-thylakoid membrane
complexes was observed at 0‡C. The fluorescence yields of photosystem (PS) I and PSII decreased and that of PBSs increased
with selective excitation of PBSs at 0‡C, while the yield of PBSs decreased and those of the two photosystems increased with
selective excitation of chlorophyll a at room temperature (RT). It indicated that the decoupling of PBSs from the two
photosystems led to changes of energy transfer efficiencies, which can be explained by partial detachment of PBSs from
thylakoid membrane. The temperature-dependent processes were reversible, i.e. with temperature going up to RT, the
complexes could restore to the functionally coupled state with a time constant about 30 s. Based on these results, it could be
deduced that PBSs should be in parallel connection with the two photosystems. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction
The photosynthetic apparatus of cyanobacteria
and most red algae principally consist of three types
of macromolecular complexes: photosystem (PS) I,
PSII and phycobilisomes (PBSs). PSI and PSII are
intrinsic complexes within the thylakoid membrane
while PBSs are attached perpendicularly to the stro-
mal surface of the membrane [1,2]. It is well known
that PBSs play the most important role of harvesting
light for photosynthesis of algae. The linker polypep-
tide (Lcm) located between PBS and thylakoid mem-
brane is responsible for attachment of PBS to the
membrane. In addition, it is also critical to construct
the core system and provide an energy transfer path-
way from PBS to the photosystems [3,4]. In contrast
to the large body of information on PBS and the
photosystems, the energy transfer from PBS to the
photosynthetic reaction center is not well understood
[5,6]. It was suggested that PBS must be bound
¢rmly on the thylakoid membrane by means of
Lcm for higher energy transfer e⁄ciency [7]. How-
ever, this suggestion was seriously challenged by
Mullineaux et al. [8] who proved that PBSs were
mobile on the thylakoid membrane. Although how
PBSs attach to the thylakoid membrane is still not
clear, some factors, for instance temperature, hydro-
static pressure and so on can a¡ect the energy trans-
fer e⁄ciency from PBS to the photosystems [9^11].
Manodori and Melis [12] suggested that partial de-
tachment might occur at 0‡C in intact algae. In the
0005-2728 / 01 / $ ^ see front matter ß 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 0 ) 0 0 2 5 0 - 4
Abbreviations: PBS, phycobilisome; PS, photosystem; RT,
room temperature
* Corresponding author. Present address: Institute of Photo-
graphic Chemistry, Chinese Academy of Sciences, Beijing 100101,
People’s Republic of China;
E-mail : zhaojq@ipc.ac.cn
BBABIO 45003 26-2-01
Biochimica et Biophysica Acta 1504 (2001) 229^234
www.bba-direct.com
current work, the PBS-thylakoid membrane complex
instead of intact algae was applied to search for the
details of the temperature-induced processes.
2. Materials and methods
The complex was prepared as described in the pre-
vious paper [13]. 5 g fresh cells of Spirulena platensis
were suspended in SPC bu¡er (0.5 M sucrose, 0.5 M
KH2PO4, 0.3 M sodium citrate, pH 7.0) and stirred
with a magnetic stirrer at room temperature for 15
min, then centrifuged at 3000Ug/min for 15 min.
The sediment was collected and ultrasonically broken
in SPC bu¡er. Afterwards, the preparation was cen-
trifuged at 11 000 rpm in a Ti-70 Beckman Rotor for
1 h. The supernatant was subjected to further centri-
fugation and run at 18 000 rpm in a Ti-70 Beckman
Rotor for 1 h. The sediment was the PBS-thylakoid
membrane complex.
Absorption spectra were measured on a UV2001
ultra-vis spectrophotometer (Hitachi, Japan). Fluo-
rescence emission spectra were determined on a
F4500 spectro£uorimeter (Hitachi). Samples were
dark-adapted either at 0‡C or room temperature
for 30 min prior to £uorescence measurements. Us-
ing the nonlinear optimization approach in a com-
puter, the £uorescence spectra were separated into
their components, which were imitated with Gaus-
sians except for the longest wavelength which was
imitated with Gaussian/Lorentzian mixtures.
3. Results and discussion
3.1. Absorption spectra of PBS-thylakoid membrane
complex
Fig. 1 shows the absorption spectra of the complex
measured at room temperature. The ¢ve partially
resolved peaks could be assigned to chlorophyll a
(Chla) (418 nm, 436 nm, and 678 nm), carotenoids
(490 nm) and phycobilisomes (624 nm) respectively.
3.2. Fluorescence emission of PBS-thylakoid
membrane complex
The £uorescence spectra of the complex are shown
in Fig. 2. The £uorescence emission peaks at 662 nm,
685 nm and 720 nm originated from PBS, PSII and
PSI respectively. The £uorescence intensity increased
at 662 nm and decreased at 685 nm and 720 nm,
when the excitation wavelength was 580 nm at 0‡C.
It indicated that energy transfer from PBS to the
photosystems was depressed. On the other hand,
the £uorescence intensities increased at 685 nm
(PSII) and 720 nm but decreased at 662 nm, when
the excitation wavelength was 436 nm at 0‡C. It
needs to be noticed that using the 436 nm wavelength
only the chlorophyll molecules can be excited, be-
cause the PBS from the cyanobacterium shows little
absorption at this region. Therefore, it could be log-
ically deduced that PBSs must receive their excitation
energy from the photosystems, the so-called backFig. 1. Absorption spectra of the PBS-thylakoid complex.
Fig. 2. Fluorescence spectra of the complex measured at di¡er-
ent temperatures. Excited at 580 nm: a, 0‡C; b, RT; excited at
436 nm: c, 0‡C; d, RT.
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transfer [14]. Similarly, the back transfer was also
depressed at 0‡C.
3.3. Deconvolution of £uorescence spectra of the
complex
The £uorescence intensities were normalized be-
fore deconvolution. It can be seen that the peak
wavelength for each component remains constant
while the integral areas are changeable. The ratio
of a sub-band area to the total can be considered
to be the £uorescence yield of the component. The
results are listed in Table 1. Fig. 3 shows spectral
pro¢les of the component.
Compared to those at RT, the £uorescence yield of
the 657 nm PBS component increased 19.1% while
those of the 685 nm PSII component and the 715 nm
PSI component decreased 28.8% and 33.1% respec-
tively, when PBSs were selectively excited at 0‡C. It
can be explained that decoupling of PBSs from the
photosystems occurs and results in lower energy
transfer e⁄ciency. At the moment, it could not be
de¢nitely answered how that process takes place at
0‡C; however, partial detachment of phycobilisomes
from the thylakoid membrane is a possible explana-
tion. On the other hand, excited at 436 nm, the £uo-
rescence yield for PBS is as high as 51.0% at room
temperature. In fact, C-phycocyanins or allophyco-
cyanins could hardly be excited at 436 nm. There-
fore, PBSs must receive their energy from the photo-
systems. Compared to that at RT, the £uorescence
yield of PBS decreased 4.9% at 0‡C, which also im-
plied decoupling or partial detachment of PBS from
the thylakoid membrane. The £uorescence yields of
PSII and PSI are 17.1% and 31.9% respectively at
RT. PSI possesses higher £uorescence yield because
it contains much more Chla molecules [14]. Com-
Table 1
Relative £uorescence yields for the three components
Component Excited at 580 nm Excited at 436 nm
0‡C RT 0‡C RT
PBS (657 nm) 0.746 0.627 0.485 0.510
PSII (685 nm) 0.061 0.086 0.180 0.171
PSI (715 nm) 0.193 0.287 0.335 0.319
Fig. 3. Deconvolution of the £uorescence spectra of the complex measured at di¡erent temperature. Excited at 580 nm: A, RT;
B, 0‡C; excited at 436 nm: C, 0‡C; D, RT.
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pared to those at RT, £uorescence yields of PSII and
PSI increased almost the same (5.2% and 5.0%) at
0‡C. Therefore, it may be deduced that PBS should
be in parallel connection with the two photosystems
[15].
3.4. Temperature-induced restoration of PBS coupling
with the photosystems
It can be seen from Fig. 4 that the £uorescence
spectra of the complex measured after raising the
temperature from 0‡C to RT almost reproduce the
spectra measured directly at RT. Therefore, the tem-
perature-dependent processes are completely revers-
ible. It can be concluded that PBS and the reaction
center will restore the functionally coupled state with
temperature going up to RT from 0‡C [11].
3.5. E¡ect of betaine on temperature-induced
decoupling
It was found that betaine could ¢x PBS ¢rmly on
the thylakoid membrane (Dingji Shi, personal com-
munication). Therefore, it could be used to search for
the decoupling mechanism. Fig. 5 shows that the
£uorescence spectra of the complex with betaine
were almost the same at 0‡C and RT; in other
words, the temperature-induced decoupling did not
Fig. 4. Fluorescence spectra of the complex with temperature
rise. Excited at 580 nm (a) and 436 nm (c) from 0‡C to RT, ex-
cited at 580 nm (b) and 436 nm (d) directly measured at RT.
Fig. 5. Fluorescence spectra of the complex treated with betaine. Excited at 580 nm and measured at 0‡C (A) or RT (B), excited at
436 nm and measured at 0‡C (C) or RT (D).
BBABIO 45003 26-2-01
Y. Li et al. / Biochimica et Biophysica Acta 1504 (2001) 229^234232
occur at 0‡C when the complex was treated with
betaine. It further con¢rms the partial detachment
of PBS from the thylakoid membrane.
3.6. Kinetics of the restoring process of PBS coupling
with reaction centers
Excited at 580 nm, the decrease or increases in the
£uorescence yields with time for PBS, PSII and PSI
are illustrated in Fig. 6^8 respectively, during the
temperature rise from 0‡C to RT. In the ¢gures,
the smooth lines were obtained by exponential ¢ts.
The £uorescence yields kept changing until 100 s,
when the temperature rose from 0‡C to 10‡C. It im-
plied that the restoration of the functionally coupled
state of PBS with the photosystems was completed
within 100 s. The kinetics of £uorescence yield
changes monitored at 657 nm (PBS), 685 nm (PSII)
and 718 nm (PSI) could be ¢tted with the single-ex-
ponential Eqs. 1^3 respectively.
Y  81:7 12:3e3t=30:7 relative errors 3:73% 1
Y  76:0317:5e3t=30:6 relative errors 4:01% 2
Y  85:6325:1e3t=36:77 relative errors 5:01% 3
With temperature going up to RT, PBS and the
photosystems restore the functionally coupled state;
therefore, the energy transfer from PBS to the photo-
systems occurs in high e⁄ciency. Quantitatively, it
can be seen that the kinetic constant for £uorescence
decrease at 665 nm (PBS) is almost the same as those
for £uorescence increases at 685 nm (PSII) and 718
nm (PSI), i.e. the two processes are synchronous.
Based on these results, it can be concluded that the
time constant for the structural restoration process is
about 30 s.
4. Conclusions
Based on the results, temperature can induce de-
coupling of PBS from the reaction center, which may
be a result of detachment of PBS from the thylakoid
membrane. Therefore, it may be deduced that the
linkage between phycobilisome and the thylakoid
membrane is not stable. The phycobilisome can par-
tially detach from the thylakoid membrane at 0‡C,
which results in less e⁄cient energy transfer from
Fig. 6. Decay of the £uorescence intensity of PBS with temper-
ature rise. Measured at 657 nm and excited at 580 nm.
Fig. 7. Fluorescence intensity increase of PSII with temperature
rise. Measured at 685 nm and excited at 580 nm.
Fig. 8. Fluorescence rise of PSI with temperature rise. Mea-
sured at 718 nm and excited at 580 nm.
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PBS to the photosystems. The temperature-induced
changes on the attachment states are reversible, i.e.
PBS and thylakoid membrane will restore the at-
tached state with temperature going up to RT and
the kinetic constant is about 30 s. The energy trans-
fer from the photosystems to PBS, i.e. back transfer,
is apparent and also depressed at 0‡C.
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